Neurofibromatosis type 1 (NF1) is a common inherited disorder with an autosomal dominant trait. We encountered an NF1 patient who showed adrenal pheochromocytoma, and analyzed expression of neurofibromin in an excised specimen. A 54-year-old man showing multiple neurofibromas and café-au-lait spots in the skin was pointed out to have a right adrenal tumor by ultrasonography. Abdominal CT also revealed a right adrenal tumor. He was diagnosed with neurofibromatosis type 1 with no family history. Urine catecholamines, metanephrine, and normetanephrine levels were elevated. MIBG scintigraphy showed positive right adrenal uptake, and so pheochromocytoma was also diagnosed. The patient underwent laparoscopic right adrenalectomy. The excised adrenal specimen of this patient was stained with anti-neurofibromin polyclonal antibody. The NF1 pheochromocytoma was completely negative for neurofibromin protein expression, while the NF1 non-pheochromocytomatous adrenal medulla was neurofibromin-positive in the cytoplasm and nucleus. The clear discrepancy in neurofibromin expression between pheochromocytoma cells and "normal" adrenal medullary cells of the patient may well be explained by Knudson's twohit hypothesis.
Introduction
Neurofibromatosis type 1 (NF1) is a common inherited disorder with an autosomal dominant trait caused by mutations of the NF1 gene of 360kb and 73 exons located at chromosome 17q11.2. The incidence rate of NF1 is about 1 in 3500 [1] . The diagnosis of NF1 is based on clinical assessment and requires two or more of the following features: (a) 6 or more café-au-lait macules, (b) 2 or more cutaneous/subcutaneous neurofibromas or one plexiform neurofibroma, (c) axillary or groin freckling, (d) optic pathway glioma, (e) 2 or more Lisch nodules (iris hamartomas), (f) bony dysplasia, (g) first degree relative with NF1 [2]. NF1 also shows learning deficits and predisposition to the formation of various types of benign/malignant tumors including pheochromocytoma [3] - [5] .
Neurofibromin, the product of the NF1 gene of 2818 amino acids, is a Ras-GTPase-activating protein, negatively regulates the Ras/MAPK, PI3K, and mTOR signaling pathways [6] [7] , and functions as a tumor suppressor protein. Here, we encountered an NF1 patient who showed pheochromocytoma and analyzed the expression of neurofibromin in an excised adrenal specimen.
Case Report
A 54-year-old man was pointed out to have a right adrenal tumor on ultrasonography during ordinary health screening and was referred to the Department of Endocrinology of Kanto Rosai Hospital. His height was 170 cm and his weight was 63 kg. His systolic/diastolic blood pressures on admission were 146/86 mmHg with the administration of anti-hypertensive drugs, heart rate 78 beats per minute, saturation 98% on room air. The electrocardiogram showed left ventricular hypertrophy. The man showed multiple neurofibromas and café-au-lait spots in the skin (Figure 1) and Lisch nodules were ophthalmologically found. So, he was also diagnosed with neurofibromatosis type 1 with no family history. He had no skeletal abnormalities or learning deficits.
Abdominal CT also revealed a right adrenal tumor of 3.0 cm in diameter (Figure 2 ). Urine catecholamines, metanephrine, and normetanephrine levels were elevated, as shown in Table 1 . MIBG scintigraphy showed positive right adrenal uptake (Figure 3) , and so pheochromocytoma was diagnosed.
café-au-lait spot Neurofibromas The patient underwent laparoscopic right adrenalectomy under general anesthesia. During mobilization of the tumor, the systolic blood pressure elevated to as high as 200 mmHg, then it dropped to around 80 mmHg following ligation of the right adrenal veins. The post-operative course was uneventful. The pathology was pheochromocytoma with positive staining of chromogranin A (Figure 4) and histological characteristics implying malignant potential were not observed. One year after right adrenalectomy, there was no recurrence of pheochromocytoma and his systolic/diastolic blood pressures were 120/74 mmHg.
Immunohistochemistry of Neurofibromin
An excised adrenal specimen of this patient as well as a sporadic pheochromocytoma was stained with antineurofibromin polyclonal antibody (ab30325, Abcam, Cambridge, UK). As shown in Figure 4 , the NF1 pheochromocytoma was completely negative for neurofibromin protein expression, while the non-pheochromocytomatous adrenal medulla was neurofibromin-positive in the cytoplasm and nucleus. Sporadic pheochromocytoma of a non-NF1 patient was positively stained for neurofibromin in the cytoplasm and nucleus.
Discussion
Sporadic NF1 cases without a family history comprise 30% -50% among all NF1 patients, and the significance of advanced paternal age has been indicated [8] [9] . Those cases are caused by a novel mutation in the NF1 gene in the germ cell of either parent. According to Knudson's two-hit hypothesis of hereditary tumors, a germline mutation in a tumor suppressor gene in one allele is inherited and another mutation in the other allele is generated in somatic cells by the second hit. The second hit is not rare, and so the cancer susceptibility is actually inherited dominantly [10] . Following this two-hit theory, pheochromocytoma cells in this case must have NF1 mutations in both alleles, while "normal" adrenal medullar cells of the patient theoretically have NF1 mutation in one allele only. A clear discrepancy in neurofibromin staining between pheochromocytoma cells and "normal" adrenal medullary cells may well be explained by the two-hit hypothesis in the present case. Pheochromocytomas were clinically identified in 5.7% of NF1 patients, while 9.6% of those tumors was bilateral, 6.1% was extra-adrenal, and 11.5% was malignant [11] . The present case was a solitary, unilateral, adrenal, and benign pheochromocytoma with a common clinical manifestation. However, there are not preceding reports that clearly differentiate histological neurofibromin expression between an NF1 pheochromocytoma and its surrounding non-tumorous adrenal medulla, strongly supporting Knudson's two-hit hypothesis.
Gutmann et al. reported that seven NF1 pheochromocytoma tissues did not express neurofibromin protein at all based on Western blotting [12] , while Kimura et al. showed that an NF1 pheochromocytoma expressed NF1 mRNA and neurofibromin protein assessed by restriction enzyme digestion of PCR products and immunohistochemistry, respectively [13] . The latter NF1 case may have mutations in NF1 genes of both alleles, either of which is transcribed and translated into aberrant neurofibromin protein without its full function. Nf +/− mice heterozygous for human NF1 homologue mutation are highly susceptible to the formation of various types of tumor, notably pheochromocytomas. Nf1−/− mice were mid-embryonic lethal due to abnormal cardiac development [14] .
Hereditary pheochromocytomas are also observed in von Hippel-Lindau disease (VHL gene), multiple endocrine neoplasia type 2 (RET gene), and pheochromocytoma/paraganglioma syndrome (SDHx genes) in addition to NF1 [4] [5] . Moreover, 23.8% of sporadic pheochromocytomas exhibited somatic NF1 mutations [15] . The sporadic non-NF1 pheochromocytoma shown in Figure 4 may not have NF1 mutations in either allele, as neurofibromin protein was expressed in pheochromocytoma cells.
Conclusion
In conclusion, here we presented a case of NF1 pheochromocytoma in which neurofibromin protein expression was clearly distinct between pheochromocytoma cells and non-pheochromocytomatous adrenal medullary cells, supporting Knudson's two-hit hypothesis. 
